Measurements of bubble and liquid velocities in two-phase flow have been made using a new forward/backward scattering Laser Doppler Velocimetry (LDV) technique. A standard LDV fiber optic probe was used to measure the bubble velocity using direct backscattered light. A novel retro-reflector and lens assembly permitted the same probe to measure the liquid velocity with direct forward-scattered light. Preliminary results show the usefulness of the technique in a duct of narrow thickness dimension.
Introduction
In a standard backscatter LDV probe, a lens at the end of the probe focuses the laser beams to form the measurement volume within the test section. As a particle or bubble passes through this volume, it scatters light in all directions. The intensity of the scattered light increases with particle size and relative index of refraction, and may be two or three orders of magnitude greater in the forward direction than in the backward direction for small particles (Fingerson et al., 1990) . A detection lens inside the probe picks up the backscattered light. For micron-sized seed particles, this light is generally too weak to be detected. However, the larger sized bubbles can be detected using backscattered light. This permits the bubble velocity to be measured with the standard backscatter probe.
To measure the liquid velocity, it is necessary to utilize the relatively intense forward-scattered light. One way to detect this light would be to place another detector across from the transmitting probe on the opposite side of the test section (Neti and Colella 1983) . However, this would require an additional probe, increasing the expense and optical alignment complexity. The method adopted here uses a retro-reflector and lens combination to reflect the forward-scattered light back toward the probe, focusing it at the measurement volume. This light is then detected by Correspondence to: P. F. Vassallo a standard backscatter probe, as shown in Fig. 1 . The focal length of the transmitting lens defines the position of the measurement volume. A seed particle passing through this volume scatters light in the direction of lens R. This lens is positioned exactly one focal length away from the measurement volume, causing light rays within the cone to leave the lens as parallel rays of light. The retroreflector is a prism that reflects light parallel to the incoming path. Lens R then focuses the light back at the measurement volume, where it is collected by the detection lens located in the probe. This procedure uses the standard backscatter probe as a forward-scatter light detector, without any modification of the probe. Because micron-sized particles are present in numbers greatly exceeding the bubble density, the forward scattered light defines the liquid velocity.
Experimental set-up
To demonstrate the feasibility of the present LDV technique, the test section and associated apparatus were both kept relatively simple. The test section was 44.5 mm high and 6.4 by 11.1 mm in cross section, made by epoxying glass microscope slides to an aluminium frame. The working fluid was water, and experiments were performed both with and without the addition of 5 p.m polystyrene seed particles. Flexible rubber tubing connected the test section to a liquid peristaltic pump, which provided a liquid volumetric flow rate (Q1) between 0 and 1000 ml/min. A second peristaltic pump provided an air flow range (Qg) between 0 and 970 ml/min at standard temperature and pressure. Two hypodermic needles, 1.6 mm in diameter, were inserted in the rubber tubing just below the test section, to inject the air directly into the liquid flow.
To measure the vapor velocity, the retro-reflector was blocked, and the gain was lowered until the data rate corresponded to between 4 and 10 counts per second; The liquid velocity was determined by uncovering the retro-reflector, and taking a measurement in forward scatter. Since the data rate is much higher in this configuration, more data samples were taken. Four measurements of 2500 samples each were acquired, and averaged to obtain the liquid velocity. The data was taken in the center of the test section, and, since the flow was vertical, only this component of the velocity was measured. While the velocity measurements were underway, a NAC-400 high speed video system (HSV) was used to record the flow field. These recordings were used to identify the flow regimes and to independently measure the velocity of the bubbles rising in the duct (by manual time-of-flight measurements). The HSV was operated at 200 frames/sec, with an image magnification of 5. The bubbles were illuminated with a strobe light placed directly in line with the camera on the other side of the test section.
Validation of the LDV technique
To confirm the vapor velocity measurements, the gas volume flow was varied from 50 to 970 ml/min with no external liquid flow, and HSV and LDV backscatter measurements were taken at each flow condition. Figure 2 shows the results; the error bars in the figure correspond to the estimated accuracy of the HSV bubble velocity measurements. These measurements were difficult for several reasons: (1) the velocity was measured over a finite distance on the HSV monitor (25 mm centered about the measurement volume), while the LDV measured the velocity at a point, (2) interpretation of bubble position became harder to define as the bubbles became larger, deformed and obscured each other, (3) only 10 to 20 bubbles were visually tracked to provide a mean velocity Gas Volumetric Flow Rate (ml/min) Fig. 3 . Data rate response at constant gain on the HSV, compared with 2500 for the LDV, and (4) the bubble velocity from the HSV was averaged over just a few seconds, while the LDV averaged the bubble velocity over 5 to 10 minutes. All theses factors lead to an estimated accuracy of 4-10% on the HSV bubble velocity measurements, as indicated by the error bars in Fig. 4 . The results compare well, indicating that the LDV backscatter measurement has been correctly identified as the gas phase velocity. Data rate comparisons are used to show that the forward-scatter arrangement is measuring primarily the liquid velocity, even in two-phase flow. Figure 3 shows a logarithmic plot of the data rate as a function of vapor volume flow rate. The gain was held constant throughout. Notice that the forward-scatter data rate decreases with increasing gas flow. This is because the bubbles displace the liquid, and, therefore, reduce the amount of seed detected. Also notice the difference in magnitude between the data rate in forward scatter and backscatter. Because the backscatter data rate is indicative of the actual rate of bubbles scattering light from the measurement volume (on
